Primary cilia, single hair-like appendage on the surface of the most mammalian cells, were once considered to be vestigial cellular organelles for a past century because of their tiny structure and unknown function. Although they lack ancestral motility function of cilia or flagella, they share common ground with multiciliated motile cilia and flagella on internal structure such as microtubule based nine outer doublets nucleated from the base of mother centrioles called basal body. Making cilia, ciliogenesis, in cells depends on the cell cycle stage due to reuse of centrioles for cell division forming mitotic spindle pole (M phase) and assembling cilia from basal body (starting G1 phase and maintaining most of interphase). Ciliary assembly required two conflicting processes such as assembly and disassembly and balance between these two processes determines the length of cilia. Both process required highly conserved transport system to supply needed substance to grow tip of cilia and bring ciliary turnover product back to the base of cilia using motor protein, kinesin and dynein, and transport protein complex, IFT particles. 
INTRODUCTION
Recent findings in cellular signaling during mammalian development highlight the importance of antenna-like organelles, primary cilia, which were once forgotten and considered to be vestigial structure for a past century. Single hair-like appendage protrudes from the surface of the most of mammalian cell types except hematopoietic cells (1). Primary cilia contain nine sets of microtubule doublet structure (9 + 0) ensheathed by the specialized membrane. Primary cilia are divergent version of cilia distinct from conventional motile cilia that have additional central microtubule pair (9 + 2) and found on multiciliated cells to play a role in generating force by beating for directional movement of fluid (2). In contrast to motile cilia, primary cilia is involved in sensory process and cellular signal transduction. Making cilia, ciliogenesis, in cells depends on the stage of cell cycle due to reuse of centrioles for cell division forming mitotic spindle pole (M phase) and assembling cilia from basal body (starting G1 phase and maintaining most of G0 phase) (3). To assemble the cilia, centrioles dock to the apical membrane of the cells first and posttranslationally modified tubulins start to polymerize from mother centrioles to grow away from the surface of the membrane. At the same time, disassembly process occurred during ciliogenesis and balance between these two processes determines the length of cilia (4). Both process required highly conserved transport system to supply needed substance to grow tip of cilia and bring ciliary turnover product back to the base of cilia using motor protein, kinesin and dynein, and transport protein complex, Intraflagellar Transport (IFT) particles (5, 6). Disruption of ciliary structure or function causes multiple disorders in human exemplified in congenital genetic disorders called ciliopathies (7, 8) . They affect major body organ development and homeostasis. Although molecular basis of ciliopathies are largely unknown, more and more studies revealed that understanding of molecular mechanisms of ciliogenesis and signaling pathways routed through cilia are critical to reveal the pathogenesis of these human genetic diseases. In this review, I introduce general features of primary cilia and recent progress in understanding of the ciliogenesis and role of primary cilia focusing on cellular signaling.
CILIARY STRUCTURE AND CILIOGENESIS
Cilium has a characteristic microtubule-based structure, axoneme, which is nine pairs of cylindrically arranged microtubules and proximal end of it emerges from centrosome-derived basal body as shown in Primary cilia played as a signaling center as shown in (B). SHH activate Gli2 transcription factors to turn on the Shh target genes. Gli2 transcription factors localize to the tip of cilia and posttranslationally processed to transform as an active-form with unknown mechanism. Arrowhead indicates ciliary tip localized Gli2 transcription factor (red). Scale bar = 5 μm nonmotile based on their motility. Motile cilia have conserved role of ancient organelle, flagella, responsible for movement of fluid and other substance. Ultrastructure of motile cilia has additional central pair of microtubule which is referred to as "9 + 2" structure such as flagella. They also have inner and outer dynein arms which endow motile cilia to beat one direction in a coordinated manner. Ensemble of ciliary motility generates directional power to set in a motion of fluid or exogenous substance in airway surface or ventricular system in the brain. Breakdown of this sophisticated system in respiratory tissue or brain results in airway disease or hydrocephalus. In contrast to motile cilia which reside in specific tissues, most of mammalian cells display single antenna-like structure which lacks dynein arms and central pair of microtubule resulting in immotility. Building the cilia in cells begins with migration of centrioles to the cell surface and they dock onto the plasma membrane. After docking, mother centriole starts to grow to form ciliary skeleton, axoneme, by microtubule filament polymerization and concurrently ciliary membrane extended together (2). At the base of cilia triplet microtubule of mother centriole shift to doublet structure and this region is called 'transition zone' which contained Y-shaped structure to connect doublet microtubule to the ciliary membrane (9). Transition zone plays as a barrier to separate cilium from cytoplasm by gating import of ciliary proteins. Surprisingly, gating property of transition zone resembles and employs same machinery as nuclear pore complexes (NPCs) (10, 11). Nuclear transport system utilizes NPCs to mobilize proteins containing nuclear localization signals (NLSs) or export signals (NESs) in and out of nucleus. Ciliary proteins also known to contain nuclear localization signal (NLS)-like sequences, termed ciliary localization sequences (CLSs). Small molecules (less than 40 kDa) could enter the cilia but higher than that required CLS to import into the cilia with the aid of importin and Ran GTPase. It is a quite amazing to know how much ciliary entry system share commonality with nuclear transport system. It would be also interesting to see whether ciliary transport system needs ciliary export system or not. If so, to identify the NES-like sequences, ciliary export sequences (CESs) in ciliary proteins based on analogy of nuclear export system is worth pursuing coming days. Cilia do not have a machinery to synthesize proteins and other substance to elongate. Therefore, they require a specialized transport system to deliver needed ciliary proteins to the tip and assemble axoneme. Intraflagellar transport (IFT) is a motor-driven protein complex that transports ciliary proteins in a bidirectional manner from base to the growing tip or vice versa. IFT is a multiprotein complex subdivided it into two subtypes, A and B. IFT B is a kinesin-II motor driven ∼14 proteins to deliver cargo proteins toward plus end microtubules as an anterograde transport. The cargoes for IFT B mainly consist of axonemal proteins that run beneath the ciliary membrane to allow axonemal growth. Nevertheless, dynein 2 motor-assisted IFT A complex is responsible for retrograde transport moving cargoes to minus end direction to recycle them (5). Dynamic balance between anterograde and retrograde transport determines the flow rate of proteins into and out of cilia and ciliary length (4).
SIGNALING PATHWAYS IN CILIARY LENGTH CONTROL
Primary cilia maintain their length ranging from 1 to 10 μm in mammalian cells. Many factors are involved in controlling a steady state of cilia length and diverse intracellular signaling pathway could affect multiple layers of cilia length control steps. Consensus on common ciliary length control effector is cAMP signaling pathway. To identify the signaling pathways regulating ciliary length, Shah group screened chemical inhibitors of signaling pathway in immortalized kidney collecting duct line (IMCD) or primary kidney or bone cells and identified common signaling factors, cAMP and intracellular calcium affected the length of cilia (12). Increased cyclic AMP levels and PKA activity in cells stimulates the growth of cilia up to twice of normal length of cilia in 3 hours. They also identified decrease in intracellular calcium level also causes lengthening of cilia almost 2-fold. These processes did not require protein synthesis because it is not significantly affecting cilia length shown by cycloheximide treatment experiment. Furthermore, they found that siRNA-mediated adenylate cyclase (AC) knockdown blocked cilium length increase by lowering the intracellular Ca 2+ level. This result indicates that crosstalk between Ca 2+ and cAMP level exists in ciliogenesis of mammalian epithelial and mesenchymal cells.
